For preparing good performance polymer materials, poly(trimethylene terephthalate)/CaCO 3 nanocomposites were prepared and their morphology, rheological behavior, mechanical properties, heat distortion, and crystallization behaviors were investigated by transmission electron microscopy, capillary rheometer, universal testing machine, impact tester, heat distortion temperature tester, and differential scanning calorimetry (DSC), respectively. The results suggest that the nano-CaCO 3 particles are dispersed uniformly in the polymer matrix. PTT/CaCO 3 nanocomposites are pseudoplastic fluids, and the CaCO 3 nanoparticles serve as a lubricant by decreasing the apparent viscosity of the nanocomposites; however, both the apparent viscosity and the pseudoplasticity of the nanocomposites increase with increasing CaCO 3 contents. The nanoparticles also have nucleation effects on PTT's crystallization by increasing the crystallization rate and temperature; however, excessive nanoparticles will depress this effect because of the agglomeration of the particles. The mechanical properties suggest that the CaCO 3 nanoparticles have good effects on improving the impact strength and tensile strength with proper content of fillers. The nanofillers can greatly increase the heat distortion property of the nanocomposites.
Introduction
Poly(trimethylene terephthalate) (PTT), as shown in Scheme 1, is a thermoplastic aromatic polyester. PTT offers several advantageous properties, including good tensile strength, resilience, outstanding elastic recovery, and dyeability, which makes it an ideal candidate for applications in textile fiber, carpet, and engineering plastic [1] [2] [3] [4] . However, if it serves as an engineering plastic material, PTT still has some shortcomings, such as poor impact resistance at lower temperatures and low heat distortion temperature; thus, the modification of PTT with the other kind of polymers or fillers has been widely developed by researchers [5, 6] .
Inorganic particulate nanofillers have been employed to improve the properties and/or lower costs of the polymer products. Generally, nanosized fillers are superior to their micron-sized counterparts in improving the mechanical and thermal properties of thermoplastics because of their larger interfacial area between the particles and the surrounding polymer matrix [7] [8] [9] . Various nanoinorganic particles, such as TiO 2 [10, 11] , calcium carbonate (CaCO 3 ) [12] [13] [14] [15] [16] [17] [18] , SiO 2 [19, 20] , and clay [21] [22] [23] [24] [25] , are usually used as fillers in the organic/inorganic composites. CaCO 3 has been one of the most commonly used inorganic fillers for the thermoplastics such as poly(vinyl chloride) and polypropylene. There are many efforts devoting to surfacemodified particles to increase the interactions between the polymers and fillers, that is, stearic acid [13] , titanate [15] , poly(oxyethylene nonylphenol) [16] , chlorinated polyethylene [17] , and cetyltrimethyl ammonium chloride [24] . The effects of surface modification on the mechanical properties have been positive [16, 26, 27] .
In the present work, in order to improve the mechanical and thermal properties of the PTT, PTT/CaCO 3 nanocomposites were prepared by melt blending and characterized in terms of their morphology, rheological behavior, mechanical properties, heat distortion temperature, crystallization, and subsequent melting behaviors by various experimental measurements. The tri(dioctylpyrophosphateoxy) titanate was used as a modifier to treat CaCO 3 to avoid the agglomeration. 
Experimental

Raw Materials.
PTT homopolymer was supplied in pellet form by Shell Chemicals (USA) with weight-average molecular masses ( ) of 100,400 and molecular polydispersity ( / ) of 2.1, and its intrinsic viscosity was 0.92 dL/g measured in a phenol/tetrachloroethane solution (50/50, w/w) at 25 ∘ C. The CaCO 3 nanoparticles were supplied by Guangxi Chemical, Ltd. (China) with a particle size in the range of 50-70 nm. A nonionic modifier tri(dioctylpyrophosphateoxy) titanate (CT-114), which had good stability under 285 ∘ C, was supplied by Jiangsu Lijin Chemical, Ltd. (Changzhou, China). In order to reduce the surface free energy of the CaCO 3 and increase the surface interactions between nanoparticles and PTT, the CaCO 3 nanoparticles were modified by the tri(dioctylpyrophosphateoxy) titanate in the following method: CaCO 3 nanoparticles were dried in an oven at 110 ∘ C for 8 h before being modified; titanate, dissolved with ethanol (1 : 1 w/w), was added to the dried CaCO 3 with a weight ratio of titanate: CaCO 3 was 3.3/100; then the mixture was stirred for 10 min with a high-speed mixer and then heated in an oven at 60 ∘ C for 3 h to promote the reaction; finally, the modified nano-CaCO 3 was washed in ethanol three times then filtrated and dried at 100 ∘ C in an oven for 3 h.
Nanocomposites Preparation.
PTT was dried in a vacuum oven at 120 ∘ C for 12 h before preparing the blends. The dried PTT pellets and the modified CaCO 3 nanoparticles were mixed together with different weight ratios of PTT/CaCO 3 as follows: C0: 100/0; C1: 99/1; C2: 98/2; C4: 96/4; C6: 94/6; C8: 92/8; C20: 80/20; C30: 70/30; the mixture were melt-blended for 10 min in a high-speed mixer and then transferred to a ZSK-25WLE type twin-screw extruder (WP Co. Germany) with five heating cells, operating at a screw speed of 100 rpm and with temperatures of 210, 235, 250, 255, 255, and 250 ∘ C from the first cell to the die. The resultant blend ribbons were cooled in cold water, cut into pellets, and redried before being used in measurements.
Morphological Characterizations.
The dispersion state of the nano-CaCO 3 particles in the polymer matrix was examined with a Hitachi 900 transmission electron microscopy (TEM, Hitachi, Japan) at an accelerating voltage of 10 kV. 
Rheological
Differential Scanning Calorimetry Characterizations.
The melt-crystallization and subsequent melting behaviors of the various nanocomposites were performed on a differential scanning calorimetry (Diamond DSC, Perkin-Elmer Co., USA) and the weight of samples were approximately 7.0 mg. The dried samples were heated to 260 ∘ C at 80 ∘ C/min under a nitrogen atmosphere, held for 5 min to release the thermal history, and then cooled to 50 ∘ C at a constant cooling rate of 10 ∘ C/min, held for 3 min, and finally heated again to 260 ∘ C at a rate of 10 ∘ C/min; the first cooling and subsequent melting processes were recorded.
Heat Distortion Temperature Characterizations.
The heat distortion temperatures (HDT) of the blends were tested by using a heat distortion temperature tester (WKW-300, Changchun Intelligent Instrument Co. Ltd., China) at the pressure of 1.82 MPa and a heating rate of 50 ± 0.5 ∘ C/h; The samples with size of 10 × 10 × 10 mm were injection molded using a microinjection molding machine (SZ-15, Wuhan Ruiming Machinery, China) at cylinder temperature of 255 ∘ C and mold temperature of 65 ∘ C; the data reported were the mean and standard deviation from two determinations.
Results and Discussion
Morphology.
The micrographs of C1, C2, C4, and C8 performed on TEM are shown in Figure 1 . For C1 and C2, a good dispersion state of nano-CaCO 3 particles in the matrix is observed, and no agglomeration occurs; however, for C4, the dispersion state of nano-CaCO 3 particles is not so well, and several agglomerations with size of 200-300 nm are observed, which are several times larger than the primary size of 50-70 nm; for C8, most of the nano-CaCO 3 particles are dispersed well, but many bigger agglomerations with size of 300-400 nm are observed in the matrix. These results indicate that the shear force given by melt extrusion was not enough to break down all of the agglomerations especially at relatively high filler concentrations (e.g., 8%). The agglomeration of nano-CaCO 3 may affect the properties of PTT nanocomposites.
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Rheological Behaviors.
The length-diameter ratio of the capillary used in this test is 40 : 1, so the melt flow in this capillary can be seen as steady state flow when the shearing stress is small, ignoring the end effect. The apparent viscosity of the melt is calculated by the Hagen-Poiseuille equation [28] . The relationship between the apparent viscosity ( ) and the shearing rate of the nanocomposites at 235 ∘ C is shown in Figure 2 . At low shearing rate range (lṅ< 5), the ln of various nanocomposites are nearly unchanged with increasing shearing rate, belonging to the Newtonian fluid; while at high shearing rate range (lṅ> 5), the ln of various nanocomposites decreases sharply with increasing shearing rate, belonging to the pseudoplastic fluid, due to the disentanglements between the molecular chains or between the molecular chains and nanoparticles. This result suggests that we can control the processing viscosity of the melts by controlling the shearing rate.
Although the various nanocomposites have the similar rheological curves with increasing shearing rate, their apparent viscosity are quite different with increasing CaCO 3 contents. Chen et al. [29] had studied the influences of nano-CaCO 3 on the rheological behavior of polypropylene, and found that the viscosity decreased with increasing filler amount after being added with CaCO 3 treated with proper amount of surface treatment agent (i.e., stearic acid). But in this work, when PTT was added with nano-CaCO 3 (treated with titanate), a different trend appears: comparing the apparent viscosities of the various nanocomposites, we can find that the apparent viscosity increases with increasing CaCO 3 content from 1% to 30%. However, the apparent viscosity of pure PTT is only smaller than that of the nanocomposite with 30% CaCO 3 , and the nanocomposite with 1% CaCO 3 has the smallest viscosity. When the PTT was melt blended with CaCO 3 treated with titanate, the nano-CaCO 3 particles will exist between different PTT molecular chains, and it can form some physical or chemical connections (such as polar interactions) with PTT molecules which interactions can reduce the flexibility of molecular chains and the concentration of entanglement points in the melt; moreover, small amount of CaCO 3 can serve as a lubrication and reduce the interaction force between PTT molecular chains and flow resistance, and thus the melt apparent viscosity of this nanocomposite is much lower than that of pure PTT. With the increasing CaCO 3 content from 2% to 20%, the melt viscosity increases gradually with the increasing nanoparticle contents, but they are still lower than that of pure PTT, indicating that the CaCO 3 nanoparticles primarily serve as lubricant and play a role of reducing chain's entanglement, while the frictional resistance between different fillers plays a minor role; but as the nanoparticle content increases much (when the CaCO 3 content is 30%), the nanoparticle density in matrix increases sharply, so the agglomerate chance of the particles increases correspondingly, and the strong friction force between particles plays a primary role on increasing the melt viscosity, so the melt viscosity is higher than that of pure PTT. The melt's non-Newtonian fluid index, , another important parameter to measure melt rheological behavior, is calculated by the Ostwald-Dewaele Equation [30] , ln = ln + lṅ.
(1)
We can get the from the slopes in the pseudoplastic region of ln versus lṅcurves. The dependence of on the CaCO 3 content in the composites is shown in Figure 3 . Generally, the more flexible are the polymer chains, the more entanglement points will they have, and it is more difficult for the chains to untangle and slip. The value of is smaller if the polymer's pseudoplastic is stronger. By using X-ray and electronic diffraction, Poulin-Dandurand et al. [31] found that although PTT backbone chains had benzene rings which had stronger rigidity, the -O-CH 2 -CH 2 -CH 2 -O-unit in them had a trans-gauche-gauche-trans conformation which had the lowest energy, the obvious " " pattern conformation made the PTT backbone chains possess elasticity that is easy to deform. Under a force, the conformation transformed from "gauche" to "trans" and the molecular chains elongated easily, so its value was small. After adding CaCO 3 nanoparticles, they act as a lubricant and reduce the entanglements between International Journal of Polymer Science molecular chains, so the pseudoplasticity reduces and the increases with increasing CaCO 3 content. In Figure 3 , increases rapidly when CaCO 3 content is 0-6%, while it levels off with more than 8% of CaCO 3 content; we believe that the lubricant effect of nano-CaCO 3 reaches saturation when its content is beyond 8%.
The relationships between and CaCO 3 wt% in composites at different temperatures are shown in Figure 4 . At the same temperature, first decreases and then increases with increasing CaCO 3 content; at various temperatures, decreases with increasing temperatures, indicating that the processing properties of the nanocomposites is dependent on the temperature. Also it can be seen from Figure 4 that different nanocomposites' viscosity changes very differently with increasing temperatures; for example, when the temperatures increase from 235 ∘ C to 250 ∘ C, the of the nanocomposite with 30% CaCO 3 content reduces 50% (decreasing from 518 Pa⋅s to 257 Pa⋅s); while the of the nanocomposite with 1% CaCO 3 content reduces 38% (decreasing from 238 Pa⋅s to 147 Pa⋅s). This result suggests that the composites with different CaCO 3 contents have different sensitivities to the temperatures.
The dependence of on the temperature ( ) could be expressed by using the Andrade equation as follows:
where Δ is the apparent flow activation energy whose unit is KJ⋅mol −1 , is the gas constant whose unit is J⋅K −1 ⋅mol −1 , is the absolute temperature whose unit is , and is a constant. Δ is used to describe the sensitivity of the to the temperature, and Δ increases if the molecular chains' rigidity is enhanced [32] .
The Δ can be calculated according to the slopes of ln versus 1/ curves, as shown in Figure 5 . It can be seen that Δ increases with increasing CaCO 3 contents. Generally, the good interface combination between the nano-particles and the matrix can reduce the flexibility and enhance the rigidity of polymer molecular chains, so the Δ increases as well as the sensitivity of melt viscosity to the temperature. Inorganic particles have strong rigidity, and the polymer has better flexibility, so adding inorganic particles to the polymer systems can rapidly increase the melt rigidity, thus the flow activation energy increases quickly. Also it can be seen from Figure 5 that Δ increases fast when the CaCO 3 content is 0-6%, while it increases slowly with 8-30% of CaCO 3 contents; this is also a saturation effect with too much of CaCO 3 .
Melt-Crystallization and Subsequent Melting Behaviors.
The DSC melt-crystallization curves for different PTT/ CaCO 3 nanocomposites are shown in Figure 6 , and the resulting parameters are listed in Table 2 . Generally speaking, the introduction of proper amount of nucleating agents will promote the polymer crystallization, including the increase of the starting crystallization temperature and the crystallization rate of the polymer, which will make it easier to crystallize. As we can see from Figure 6 and Table 2 , the crystallization peak temperatures ( c ) of the nanocomposites are all higher than that of pure PTT, indicating that the nanoCaCO 3 particles, acting as the nuclei, have an heterogeneous nucleation effect on PTT crystallization, thus PTT molecular chains can begin to crystallize at higher temperatures with the CaCO 3 nuclei. However, the nanocomposites with different CaCO 3 contents have different c . The nanocomposite of C1 has single crystallization peak with a c at 185.1 ∘ C, while C2, C4, and C6 have single crystallization peaks with lower c s in the range of 181-183 ∘ C; but for C8, C20, and C30, each of them has double crystallization peaks with c1 and c2 , the lower is around 180 ∘ C, the higher is around 186 ∘ C. The multiple crystallization peaks are the reorganization of the crystallites where filler particles have disrupted crystal growth. It can be concluded that when the CaCO 3 content is 1%, the nucleation effect is apparent due to the nanodispersed particles; while for the nanocomposites C8-C30, although some nanodispersed CaCO 3 particles have apparent nucleation effect, some agglomerates of CaCO 3 particles disrupt the crystal growth; thus, the molecular chain segments reorganize and form some microcrystallites adjacent the former crystals, and their corresponding DSC curves show both a higher c2 and a lower c1 . Moreover, the full width at half height of the crystallization peak (FWHP) decreases as the nanoparticles content increases, especially when the CaCO 3 contents were 0-2%; however, the FWHP values increase with further increasing CaCO 3 contents (4-30%). This result suggests that the nanocomposite with 2% CaCO 3 has the fastest meltcrystallization rate among these nanocomposites. The subsequent melting DSC curves of the above samples are shown in Figure 7 , and the parameters are listed in Table 2 . In Figure 7 , the nanocomposites also show higher melting temperatures ( m ) than that of pure PTT. The changes law of m s with increasing CaCO 3 particles is similar to that of c . C1 has much higher m than that of C0, while C2, C4, and C6 have a little lower m than that of C1; but C8 and C20 have higher m s than that of C6, and C30 has a close value of m with C6. These changing m s are dependent on the c s. Moreover, a recrystallization peak ( rc ) can be seen in each DSC curve, which is changed with increasing CaCO 3 content. Also, the changing law of rc is similar to those changing law of c and m . The different values of c s, m s, and rc of different nanocomposites suggest that the crystals formed after melt-crystallization have different dimensions and lamellar thickness [33, 34] .
It can also be seen from the Table 2 that the introduction of CaCO 3 particles can reduce the nanocomposites' normalized melting enthalpy (Δ m ) because the crystal growth space will be limited with the increasing content of CaCO 3 nucleus, which leads to form more imperfect spherulites in the nanocomposites; in addition, as we can see from the former rheology data, the melt viscosity increases as the CaCO 3 content increases, and the mobility of the PTT molecular chains decreases, and the fillers disrupt the crystal growth; thus, the crystallization degree and the subsequent Δ m decrease.
Conclusions
PTT/CaCO 3 nanocomposites' melt belongs to the pseudoplastic fluid, and the pseudoplasticity increases with the increasing CaCO 3 content. The CaCO 3 nanoparticles serve as a lubricant in the nanocomposites that decrease the melt apparent viscosity obviously with only 1% content; however, the melt viscosity increases gradually with increasing CaCO 3 content from 1% to 30%. When the concentration of CaCO 3 is below 4%, the nanoparticles disperse uniformly in the matrix. The CaCO 3 nanoparticles act as nucleus for the meltcrystallization of the nanocomposites, and it increases the start-crystallization temperature and the crystallization rate of the nanocomposites although large content of CaCO 3 particles will depress the nucleation effect. The CaCO 3 nanocomposites also have both reinforcement and toughening effects on the PTT matrix, in which 2-8% contents of CaCO 3 nanoparticles are preferred for improving both the impact strength and the tensile strength. The CaCO 3 particles have good effect on improving the thermal resistance of PTT.
